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Abstract 
Gas seepage through the seafloor into the water column is inferred based on acoustic mapping, 
video observations and geochemical analyses at multiple locations in the Viking Graben and 
Utsira High areas of the central North Sea. Flares in the Viking Graben occur both inside and 
along the periphery of a submarine melt water channel where pockmarks (up to 500 m in 
diameter) and methane-derived carbonate crusts are found on the seafloor, indicating 
focussing of fluid flow in the vicinity of the channel. The flares can be related to gas 
accumulations close to the seafloor as well as in Quaternary and deeper strata, observed as 
high-amplitude reflections on seismic data. Many palaeo channels, which act as accumulation 
zones, are observed in the subsurface of both Viking Graben and Utsira High areas. The 
deeper origin of gas is partially supported by results of isotope analyses of headspace gas 
collected from sediment samples of the Viking Graben, which show a mixed 
microbial/thermogenic origin whereas isotope data on free seeping gas in the Viking Graben 
indicate a predominantly microbial origin. Based on these lines of evidence, a structure 
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controlled fluid flow model is proposed whereby hydrocarbons migrate in limited amount 
from deep thermogenic reservoirs along faults, and these deep fluids are strongly diluted by 
microbial methane. Moreover, the existence of subsurface pockmarks at several stratigraphic 
levels indicates long-term fluid flow, interpreted to be caused by gas hydrate destabilisation 
and stress-related high overpressures. 
 
<heading1>Introduction 
Migration of pore fluids to the seafloor is common along oceanic margins, attributed to excess 
pore pressure resulting from various processes such as sediment loading/unloading (e.g. 
Hustoft et al. 2009), dissociation of gas hydrates (e.g. Chand et al. 2012), cap rock breach and 
faulting (e.g. León et al. 2014). One or a combination of these processes leads to 
morphological and geochemical/mineralogical expressions of fluid flow on the seafloor (Judd 
and Hovland 2009), which can be used for assessing the source of fluids and timing of their 
formation and perseverance. Active cold seeps are often linked to the formation of pockmarks 
(e.g. Hovland et al. 1984; Pau and Hammer 2013) and the presence of sub-seafloor 
hydrocarbon reservoirs (e.g. Milkov et al. 2003; Chand et al. 2012). Since the formation of 
pockmarks needs soft seafloor sediments which can be remobilised by fluid flow, cold seeps 
can be observed without pockmarks also (Brothers et al. 2011; Pau et al. 2014; Rise et al. 
2015). Fluid flow processes in the subsurface are revealed as gas chimneys, wipe out zones 
and amplitude anomalies on seismic data, commonly coincident with observations of 
pockmarks, gas flares, bacterial mats and carbonate crusts on the seafloor (e.g. Cartwright et 
al. 2007; Løseth et al. 2009; Karstens and Berndt 2015; Landeghem et al. 2015). Hence, it has 
become a practice to use these proxies from both the surface and subsurface to assess past and 
present fluid flow, and decipher the maturity and nature of subsurface hydrocarbon reservoirs. 
The seafloor features give an indirect clue on how long the fluid flow has been active. For 
example, bacterial mats imply an active but short-term seepage (less than a couple of years) 
sufficient to enable a biological community to colonise the seep site (Judd and Hovland 2009). 
By contrast, carbonate crusts indicate a longer duration of seepage spanning hundreds to 
thousands of years (e.g. Bayon et al. 2009; Crémière et al. 2013; Berndt et al. 2014). 
Gases originating from deeper reservoirs can be trapped in shallower reservoirs which poses a 
potential drilling hazard. This was the cause of massive gas blowouts in the central North Sea 
lasting over several decades, reported to have been the strongest gas seepage quantified to 
date (Schneider von Deimling et al. 2007; Leifer and Judd 2015). The contribution of methane 
to the atmosphere from cold seeps is also gaining importance due to their potential influence 
3 
on global climate change (Hartmann et al. 2013). It is estimated that marine methane 
emissions may contribute about 20 Tg year–1 to the global atmosphere methane budget 
(Etiope et al. 2008). Hence, it is important to map methane anomalies in sediment successions 
and reliably assess their formation and persistence within and outside offshore hydrocarbon 
provinces. 
Fluid flow, shallow acoustic anomalies and geochemical characteristics of gases in different 
parts of the North Sea have been investigated in detail by many geophysical and geochemical 
studies inferring localised fluid flow models for specific areas (Rise et al. 1999; Mazzini et al. 
2003; Fichler et al. 2005; Schroot et al. 2005; Hübscher and Borowski 2006; Hovland 2007; 
Andresen et al. 2008; von Deimling et al. 2011; Haavik and Landrø 2014; Karstens and 
Berndt 2015; Crémière et al. 2016). Numerous pockmarks were found in different parts of the 
North Sea (Hovland and Sommerville 1985; Rise et al. 1999; Hovland 2007; Gafeira 2012) 
that have been related to shallow gas availability and fluid migration pathways (Gafeira 2012).  
Palaeo seeps and carbonate structures were observed at Eocene level (Mazzini et al. 2003) and 
seafloor (Hovland et al. 1987; Crémière et al. 2016) indicating fluid seepage from deep 
towards the surface. Palaeo-iceberg plough marks concentrate shallow gas in the deep 
subsurface as well (Fichler et al. 2005; Haavik and Landrø 2014). A large number of seismic 
chimneys were reported from the Viking Graben (Karstens and Berndt 2015) which is 
proposed to have been initiated by mechanisms such as seal weakening, formation-wide 
overpressure and presence of free gas as essential prerequisites. Also evidence for fluid flow 
structures has been provided by mud diapirs and sand intrusions (Løseth et al. 2003).  
Large amount of methane emission occurs from abandoned wells in the Central North Sea, 
attributed to be derived from shallow gas pockets penetrated by wells (Vielstädte et al. 2015).  
Isotope analyses of headspace gases from various locations in the North Sea suggest that the 
gases leaking are generally of microbial origin (Brekke et al. 1997), whereas gases collected 
at active seeps show a thermogenic origin (Hovland and Sommerville 1985). A recent study 
by Crémière et al. (2016) showed that the gas seepage happened over a long time period, 
albeit as distinct events. Stable hydrogen and carbon isotope compositions of methane in gas 
samples suggests mixing of microbial methane with a minor thermogenic methane (Crémière 
et al. 2016).   
Based on all previous studies, a microbial methane dominated setting with minor thermogenic 
contribution is observed in the central North Sea. Along with the ambiguity in confirming the 
sources of microbial and thermogenic methane, the pathways of methane transit to the 
seafloor and control on ascend and timing are not resolved. The present study examines the 
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central North Sea subsurface fluid flow on a regional scale to understand the basin scale fluid 
flow pattern. Suspected structural and stratigraphic controls of fluid flow suggested in many 
earlier study areas of North Sea are critically evaluated using data from the Utsira High and 
the Viking Graben (Fig. 1). A combination of multibeam echosounder, high/low resolution 
seismic and geochemical data served to characterise fluid flow anomalies in the water column, 




The North Sea has a long structural and geological history. The most prominent structural 
changes occurred during the Caledonian orogeny (Silurian) with the formation of NE–SW 
oriented compressional structural elements superimposed on older Precambrian elements 
(Jordt et al. 1995; Nøttvedt et al. 1995). The faults from the Caledonian orogeny were 
reactivated during subsequent Variscan (late Carboniferous), Cimmerian (late Jurassic) and 
Alpine (mid Cainozoic) tectonic events (Isaksen and Tonstad 1989). In late Palaeozoic and 
early Triassic times, tensional forces resulted in the supercontinent break up and opening of 
the North Atlantic during the Tertiary, creating the Viking Graben. The N–S striking faults in 
the Horda platform area became reactivated during the Jurassic–Cretaceous, leading to further 
development of the Viking Graben (Nøttvedt et al. 1995; Gabrielsen et al. 2015). The Utsira 
High is an intrabasinal structural high between the Viking Graben and the Stord Basin (Fig. 1), 
formed during rifting (Gregersen et al. 1997). 
Changes in sea level have been the main factors controlling sedimentary processes in the 
region (Isaksen and Tonstad 1989; Nøttvedt et al. 1995; Anell et al. 2012). A major phase of 
uplift and erosion during the early Cretaceous resulted in widespread regression which formed 
isolated sedimentary basins where deposition took place under dominantly anaerobic bottom 
conditions (Clausen et al. 2000; Isaksen 2004; Anell et al. 2010). Shales with high TOC 
contents deposited during the late Jurassic to early Cretaceous, including the Kimmeridge 
Clay, as well as the Mandal, Draupne and Tau formations represents the main source rocks of 
the North Sea (Gautier 2005). The main reservoir rocks consist of early and late Jurassic non-
marine fluvial sediments of the Statfjord formation. Other reservoir rocks from pre-, syn- and 
post-rift times are rarer (Gautier 2005). 
The North Sea seafloor morphology was carved under the influence of many glacial–
interglacial cycles during the Quaternary, including three ice ages, the Elsterian, Saalian and 
Weichselian (Stoker et al. 1985; Cameron et al. 1987; Wingfield 1989; Sejrup et al. 1991; 
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Nygård et al. 2005). The most extensive glaciations of the North Sea Basin occurred between 
200 and 450 ka (Sejrup et al. 1991). The conditions during the Quaternary varied between a 
present-day water depth of up to ~100 m, lowered sea level, glacial coverage with grounded 
ice (Chappell and Shackleton 1986; Fairbanks 1989) and even subaerial exposure (Sejrup et al. 
1991). The Quaternary morphology is dominated by buried valleys, their origin being 
attributed to sub-glacial melt water transport incising the underlying Cainozoic strata during 
periods of glacial coverage (Huuse and Lykke-Andersen 2000; Huuse 2002; Fichler et al. 
2005; Lonergan et al. 2006; Dowdeswell and Ottesen 2013; Ottesen et al. 2014). 
Sedimentation during the Quaternary in the central North Sea is characterized by rapid rates 
over short time intervals separated by long hiatuses (Sejrup et al. 1991; Haflidason et al. 
1998; Lekens et al. 2009; Ottesen et al. 2014). Fine- to medium-grained sediments dominate 
the Pleistocene sequence. These sediments were suggested to have been re-deposited by rivers 
flowing northwards from the British Isles and the continent during periods of low sea level. 
The extreme lowstands of sea level are also indicated by river channels cutting into the 
sequence. After the retreat of the glaciers, the seafloor topography was smoothened by marine 
and glacio-marine sediments (Huuse and Lykke-Andersen 2000). Gently dipping Cainozoic 
and Mesozoic strata outcrop under the glacial sediments in the western and eastern parts of 
the North Sea, whereas Pliocene sediments cover the central part where the present study 
areas are located (Fig. 1). Several regional faults extend in a NE–SW direction (Fig. 1). 
Pore pressure estimates from the North Sea indicate that high overpressure related to high 
stress resulted from deglaciation, flexure and compaction disequilibrium (Grollimund and 
Zoback 2000). High overpressure is inferred to be causing increased fluid flow towards the 
surface. Iceberg plough marks often act as accumulation and transport zones for gas (Haavik 
and Landrø 2014). Surface and subsurface expressions of gas seepage to the seabed are 
observed throughout the North Sea (e.g. Hovland and Sommerville 1985; Landrø and Strønen 
2003; Schroot et al. 2005; Forsberg et al. 2007; Kilhams et al. 2011). Indeed, gas flares, 
carbonate crusts and near-surface gas anomalies have been reported throughout the region (e.g. 
Hovland and Sommerville 1985; Hovland et al. 1987; Brekke et al. 1997; Hovland 2007; 
Schneider von Deimling et al. 2011; Karstens and Berndt 2015), including recent findings for 
the present study areas in the central sector (e.g. Crémière et al. 2016). 
 
<heading1>Materials and methods 
<heading2>Bathymetry/backscatter 
6 
Multibeam echosounder (MBE) data were collected by the Norwegian Defence Research 
Establishment (FFI) using a Kongsberg EM710 echosounder during two cruises of 16–23 
February 2013 and 5–14 March 2013 (Fig. 1). The EM710 system can also record water 
column data which can serve for the detection of active gas seeps. 
The FlederMaus (FM) Midwater package was used to analyse water column data for evidence 
of gas anomalies. Seafloor reflection (i.e. backscatter) properties were derived in terms of the 
amplitude of the MBE data, providing indirect indications of sediment type/grain size and/or 
hardness of the top few decimetres below seafloor. MBE data for backscatter were processed 
by means of the FM Geocoder package. 
 
<heading2>HUGIN AUV 
The autonomous underwater vehicle (AUV) HUGIN was equipped with an EdgeTech 2200 
high-resolution full spectrum chirp sub-bottom profiler (SBP) and a high-resolution 
interferometric synthetic aperture sonar (HISAS 1030). The SBP served to profile features of 
the immediate subsurface at very high resolution. The HUGIN was manoeuvred ~10 m above 
the seafloor at a constant speed, giving 50 cm horizontal resolution and a vertical resolution of 
less than 100 ms (~10 cm) with the SBP system. The HISAS 1030 provided a detailed 
bathymetry of the seabed, with a range-independent resolution of approximately 3×3 cm 
covering a distance of 200 m from both sides of the AUV at a speed of 2 m/s. The data were 
processed to generate high-resolution mosaics using Reflection software. 
 
<heading2>Topas and 2D/3D seismics 
The TOPAS parametric sub-bottom profiler was used to acoustically map the sediments in the 
uppermost part of the seabed. Layering can be clearly interpreted if the source signal can 
penetrate the seafloor sediments, giving a detailed stratigraphy of the uppermost few tens of 
metres. Topas data were collected along with multibeam echo sounder data during the main 
survey in February 2013. 
Industry 2D and 3D seismic data from the DISKOS database were interpreted to infer 
structure, stratigraphy and subsurface anomalies using Petrel Software. Three main horizons, 
the Base Quaternary, Top Oligocene and Top Palaeocene, were interpreted using 2D seismic 
data based on a stratigraphic tie from the exploration wells 24/6-1, 24/6-2 and 24/6-4 (Fig. 1). 
Additionally, structural maps of the top Utsira (Top Miocene) and Base Pliocene interpreted 
using 2D/3D seismic and well data were available from Lundin Norge AS. The 3D seismic 
data served to examine the subsurface structure immediately below the seafloor using a Petrel 
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software variance volume attribute at 5×5 inline, crossline window and a smoothing factor of 
25 samples. The variance attribute of Viking Graben data was taken at 240 ms TWT (two way 
travel time) and at 340 ms TWT for the Utsira High. The variance attribute gives an edge 
volume and hence is useful to map faults and channels. 
 
<heading2>Sampling and geochemical analyses 
One free gas sample was collected by ROV using a funnel attached to a gas cylinder in 
September 2013 (area a in Fig. 2a within the Alvheim channel (Crémière et al. 2016) in the 
Viking Graben area). Also, one headspace gas sample was collected from a push-core in the 
vicinity pockmark (a in Fig. 2a).  
Gas aliquots were transferred into exetainers (0.1–1 ml) using a Gerstel MPS2 auto sampler 
and injected into a Agilent 7890 RGA GC equipped with Molsieve and Poraplot Q columns, a 
flame ionisation detector (FID) and thermal conductivity detector (TCD). Hydrocarbons were 
measured by FID, and H2, CO2, N2 and O2/Ar by TCD. The carbon isotopic composition of 
methane was determined by a Precon-IRMS system. Aliquots were sampled with a GCPal 
autosampler. CO2, CO and water were removed on chemical traps. Hydrocarbons other than 
CH4 and remaining traces of CO2 were removed by cryotrapping. The methane was burnt to 
CO2 and water in a 1,000 °C furnace over Cu/Ni/Pt. The water was removed by Nafion 
membrane separation. The Precon sample preparation system was connected to a Delta plus 
XP IRMS for δ13C analysis. Repeated analyses of standards indicate that the reproducibility 
of δ13C values is better than 1‰ PDB (2σ). 
Thirty-four sediment samples from various depths of six push-cores (Fig. 2a) (up to 50 cm 
long) collected along the Alvheim channel were analysed for total organic carbon (TOC) 
content. Dried sediments were pulverized and decarbonated with 1M HCl. TOC content was 




In all, 25 acoustic gas flares, up to 125 m high were detected in the Viking Graben during the 
study period, concentrated mainly along the western edge of the Alvheim channel (Fig. 3c). 
By contrast, 19 flares on the Utsira High occur randomly (Fig. 4a) and are only up to 70 m 
high (Fig. 3d).  
The most prominent seafloor feature of the Viking Graben is the Alvheim channel. The water 
depth of the channel ranges from 113 to 168 m and the main channel is associated with 
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smaller and narrower channels to the west (Fig. 2a). Pockmarks are typically observed along 
the margins of the main channel but few also occur within the channel. Two large pockmarks 
within the channel coincide with flares (Fig. 3c). High backscatter is associated with the 
pockmarks and also with some mounds located along the channel margins (Fig. 2b). 
The seafloor of the Utsira High is flat except for the E–W trending linear ridge in the northern 
part of the survey area with water depths ranging from 100 to 125 m (Fig. 4a). The ridge is 
criss-crossed by iceberg plough marks indicating limited post-glacial sedimentation (Fig. 4a). 
A few scattered depressions with nearby highs and high backscatter (Fig. 4) are most 
probably formed by anchoring of drilling rigs. High backscatter is observed along the E–W 
trending ridge and slightly higher backscatter in the SW sector (Fig. 4b). The latter is also 
earmarked by NW–SE and NE–SW oriented striations with high backscatter, probably 
indicating plough marks filled by post-glacial sediments. Three pipelines are observed as high 
backscatter linear features crossing the study area (Fig. 4b). 
HISAS data reveal numerous carbonate crust locations along the Alvheim channel. Some 
locations in the northern part of the channel where two ~100 m high gas flares were recorded 
on 20th February 2013 were further investigated by ROV (Fig. 3a). The seabed at these 
locations is dominated by numerous furrows with scattered carbonate crusts (Fig. 3a, b). The 
seep system is presently diffuse since only a few bubbles were observed sporadically escaping 
from the seafloor on 2nd September 2013. Disseminated white patches of filamentous bacteria 
surrounding dark anoxic sediments suggest a relatively steady release of methane through the 
seafloor. HISAS data from the Utsira High show a muddy–sandy seafloor with no particular 
features. ROV inspection of the Utsira High flare locations did not reveal any carbonate crusts 
or bacterial mat patches. The seabed at the Utsira High is sandy with ripples indicating high 
current activity. 
Topas data from a profile across one of the pockmarks in the Alvheim channel demonstrate 
active gas seepage with gas penetrating across the uppermost 5–10 ms stratigraphic layers 
(Fig. 5a). A nearby presently inactive pockmark, P1, must have been active formerly over a 
long time period, indicated by the presence of a coincident depression in subsurface 
stratigraphic layers (Fig. 5a). The northern part of the channel is filled with more than 20 m of 
stratified sediments which are lacking in the southern part of the channel (Fig. 5a, b). 
Layered sediments occurring in the channel pinch out towards the channel margin (Fig. 6b, c). 
The immediate subsurface shows distinct high-amplitude acoustic anomalies underlain by 
wipe out zones (Fig. 6a–c). The high-amplitude anomaly/wipe out zone boundary is 
concentrated at about 20 ms TWT (~15 m) below the seafloor but shallowing towards the 
9 
pockmark (Fig. 6a). A large wipe out zone is observed close to the shoulder of the channel 
where layered channel infill pinches out against older, acoustically chaotic sediments outside 
the channel (Fig. 6b, c). No wipe out zones or shallow gas anomalies occur outside of the 
channel (Fig. 6d). Disturbances due to faults extending from the Top Palaeocene to the Base 
Quaternary can be clearly seen (Fig. 7). High amplitude anomalies can be observed at the base 
of the channel fill sediments which also coincides with the Base Quaternary (Fig. 7a). The 
flare locations also have similar high amplitude anomalies at the Base Quaternary level (Fig. 
7b).  
The Alvheim channel extends further north, as observed on a 3D seismic variance attribute 
map of Quaternary sediments (240 ms TWT; Fig. 8a). Smaller subparallel palaeo channels 
occur west of the Alvheim channel. Palaeo-channels orientated E–W can be seen along the 
southern part of the Viking Graben area (Fig. 8a). 
Gas-related blanking or wipe out zones in the subsurface were observed across four flare 
locations on the Utsira High (Figs. 5c, 9). Gas accumulation zones in the shallow subsurface 
are associated with high-amplitude anomalies followed by blanking or wipe outs (Fig. 9). A 
variance attribute map of the Utsira High indicates the presence of north–south oriented 
palaeo-channels within the Quaternary sediments (340 ms TWT) below the flare locations 
(Fig. 8b). On the Utsira High, the Base Quaternary is associated with numerous high-
amplitude anomalies connected to the Top Oligocene and Top Palaeocene through a series of 
chimney-like structures with their bases starting at the Top Palaeocene (Fig. 10). 
The interpretation of 2D industrial airgun seismic data shows that the Base Quaternary varies 
in depth from 200 ms TWT in the north-eastern part of the study area to 675 ms TWT along 
the southern part (Fig. 11a). The Top Oligocene varies in depth from 550 to 1,350 ms TWT, 
with the deepest part occurring along the Utsira High (Fig. 11b). The Top Oligocene is 
shallower at the Viking Graben compared to the Utsira high (Fig. 11b). The Top Palaeocene 
occurs as stratigraphic high at the Utsira High with the shallowest part occurring further to the 
east. In the Viking Graben, it is observed as a depression shallowing from the south towards 
the north where the Alvheim channel is located (Fig. 11c). The deepest part of the Top 
Palaeocene occurs along the southernmost part of the study area. 
 
<heading2>Geochemical data 
Free gas and sediment headspace gas from the Viking Graben are mainly composed of 
methane (>99.7%). Free gas shows a higher C1/C2+ ratio of 1.6×10
6 with a more 13C-depleted 
δ13C-CH4 value of –71.7‰ VPDB whereas headspace gas has a lower C1/C2+ ratio of 310 and 
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is less 13C-depleted with a δ13C-CH4 value of –50.2‰ VPDB (Fig. 12a). The δ
13C-CH4 versus 
C1/C2+ plot indicates that the free gas sample from the Viking Graben falls in the microbial 
field whereas the headspace sample falls between the thermogenic and microbial field.  The 
TOC content of sediments ranges between 0.2 and 0.65 wt%, with a distribution maximum at 
about 0.5 wt% (Fig. 12b). 
 
<heading1>Discussion 
<heading2>Source of methane 
Shallow acoustic and geochemical gas anomalies from various parts of the North Sea from 
many studies suggested different fluid sources and flow mechanisms. In both the Viking 
Graben and the Utsira High, the chimney-like structures observed in the high-resolution 
seismic data at the shallow subsurface are connected to deep stratigraphic layers through 
faults and chimneys (Figs. 5, 6, 7, 9 and 10). The presence of gas at about 20 ms TWT below 
the seafloor and shallower wipe out zones at shallow gas pockets observed close to a 
pockmark suggests the movement of the gas front towards the leakage zone (Fig. 6a). The gas 
is focussed towards the Alvheim channel boundary where the recent sediment infill pinches 
out against older sediments outside the channel. A large seismic transparent zone occurring 
close to the shoulder of the channel indicates preferential lateral flow along layers towards the 
channel boundary (Fig. 6b, c). The high-amplitude reflections underlain by disturbances in 
seismic reflections show that the Base Quaternary level is a good accumulation zone at both 
the Viking Graben and the Utsira High close to flare locations (Figs. 7 and 10). The palaeo 
channels from previous glaciations are preferred locations for accumulation of gas and others 
fluids (Fig. 8). This is similar to structures reported from other areas of the North Sea where 
gas has been observed to be routed from deep sources (Brekke et al. 1997; Clayton et al. 
1997).  
Isotope data of free gas from the Alvheim channel indicate a main microbial source with a 
minor contribution from a deep thermogenic source (Fig. 12). Comparatively, the results from 
a previous study at the Utsira High (Vielstädte et al. 2015) show slightly different gas 
compositions with all samples within the microbial field but some trending towards the 
thermogenic field (Fig. 12a). The low TOC content observed in near-surface sediments 
suggests the unlikelihood of microbial gas production in these sediments. Instead, deeper 
organic-rich sediments are most likely the source for the generated microbial methane. 
Oligocene sediments with high TOC contents (>2%; Hordaland Group, North Sea well 
reports 24/6-1; NPD 2016) could be a major supplier of microbial methane as these sediments 
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are within the microbial methanogenesis window below 110 °C (Gold 1992; D’Hondt et al. 
2004). Headspace gas analysis from well 24/6-1 also suggests a microbial window up to 1,400 
m depth, which is deeper than the Oligocene sediments (NPD 2016). The carbon isotope 
results of the present study hence point to microbial gas generation within these high TOC 
sediments with a minor input from deeper thermogenic sources. The microbial methane is 
partly constrained at the top boundary of the Oligocene and shallower stratigraphic layers 
where high-amplitude anomalies are observed (Figs. 7 and 10). Shallow reservoir rocks above 
the Oligocene sediments (Gautier 2005) would promote accumulation as well as flow of deep 
microbial gases towards the locations of flares. 
 
<heading2>Episodic fluid flow 
The two study areas have similar water column and subsurface anomalies, even though the 
Utsira High lacks any observable fluid flow-related seafloor features such as pockmarks and 
carbonate crusts probably attributed to the coarse-grained nature of the sediments in the area. 
Topas data across one of the pockmarks with an active flare from the Viking Graben show 
incision into the top few metres of the sediment, indicating that these layers were removed 
during its formation (Fig. 5a). Dating results on methane-derived authigenic carbonate 
samples from the Viking Graben suggest that the seepage of microbial methane has persisted 
at least over the last 6,000 years (Alvheim channel; Crémière et al. 2016). The nearby inactive 
pockmark (P1) has subsurface depressions in many older stratigraphic layers, implying 
episodic fluid flow spanning a long time period (Fig. 5a). The 2D seismic data clearly indicate 
the fluid leakage from the Oligocene sediments, linking the gas flares to deeper sources (Figs. 
7 and 10). 
The long-term nature of fluid flow can be related to discharges from two possible sources. 
One source of gas is the melting of gas hydrates after the last deglaciation. Gas hydrates were 
stable during the last glacial maximum (LGM) in the study area, with methane hydrate 
stability zone thicknesses of at least 400 m (Fichler et al. 2005; Forsberg et al. 2007). The 
North Sea is currently too shallow for methane hydrate to be stable (Vogt et al. 1999; Fichler 
et al. 2005; Forsberg et al. 2007), and structure II hydrates cannot form due to the absence of 
higher-order hydrocarbon gases (pure methane down to 1,500 m in well 24/6-1; NPD 2016). 
Hence, the gas accumulated as gas hydrates during the LGM was potentially later released or 
even caused an overpressure scenario due to the expansion from solid gas hydrate to gas 
phase, resulting in the formation of pockmarks and continuous supply afterwards. 
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The other mechanism controlling fluid flow in the North Sea is stress accumulation due to 
glacial unloading (Grollimund and Zoback 2000). These overpressures can also open up fault 
pathways bringing the fluids to the surface, especially at structural highs since they are the 
loci of stress focussing during different time periods. 
Therefore, a structure and stratigraphy-driven fluid flow model is suggested for the central 
North Sea as the regional model similar to most basins worldwide. The main addition to this 
model is the source driving the fluid flow which we propose as due to overpressures related to 
high stresses and changes in the hydrate stability zone. The methane is generated from 
microbial production within a zone extending as deep as Oligocene sediments. Deep-seated 
faults facilitate fluid flow towards the seafloor of the Viking Graben and the Utsira High, and 




1. Integration of seismic and water column data from the North Sea indicates that gas 
flares observed in the water column are partly connected to deeper sediments through faults 
and chimney structures extending up to the Oligocene strata. 
2. Geochemical analyses of gas samples suggest a microbial source mixed with minor 
thermogenic components. Low TOC contents in near-surface sediments indicate a deeper 
microbial source for gas, inferred as Oligocene sediments with higher TOC contents. 
3. The high-resolution seismic structure shows that gas from the deep strata accumulates 
in the shallow subsurface together with microbial methane generated in situ in the Quaternary 
and Tertiary sediments, and is released at specific locations in both the Viking Graben and the 
Utsira High. 
4. Multiple levels of pockmarks indicate a long-term existence of fluid leakage facilitated 
by the accumulation and release of gas from a thick hydrate stability zone during the LGM, 
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Fig. 1 Locations of study areas off southern Norway (inset) covered by multibeam bathymetry 
(black polygons) shown on the regional bathymetry of that North Sea sector, together with the 
locations of faults (dark grey lines; NPD 2016), 24/6 wells (yellow dots), hydrocarbon 
discoveries (orange polygons; NPD 2016), 3D seismics (red polygons), sub-crop formation 
boundaries (yellow dashed lines; Sigmond 1992) and 2D seismics (green lines: a Fig. 7a, b 
Fig. 7b, c Fig. 10a, d Fig. 10b) 
Fig. 2 a Bathymetry of the Viking Graben (extracted partly from Crémière et al. 2016), with 
locations of flares recorded on February and March, 2013 (red squares), carbonate crusts 
(yellow dots), push cores (green triangles), SBP lines (a–d Fig. 6a to d respectively) and 
Topas line (Fig. 5a, b). b Backscatter of the Viking Graben 
Fig. 3 Seafloor observations: a Viking Graben: drop stones, carbonate crusts and muddy 
sediments; b Viking Graben: small holes which may represent gas escape features or burrows; 
c two flares in the Viking Graben (shaded relief bathymetry, bubble size exaggerated; for 
locations, see Fig. 2a); d flares on the Utsira High (shaded relief bathymetry, bubble size 
exaggerated; locations in Fig. 4a) 
Fig. 4 a Multibeam bathymetry and b backscatter of the Utsira High. Also shown are the 
locations of flares recorded on February and March, 2013 (red squares), SBP lines (a Fig. 9a, 
b Fig. 9b) and Topas line (Fig. 5c) 
Fig. 5 Topas lines a across large pockmarks in the northern part of the Alvheim channel; b 
southern part of the Alvheim channel; c across flares on the Utsira High (cf. locations of a and 
b in Fig. 2a and c in Fig. 4a) 
Fig. 6 a–c SBP seismic lines in the Alvheim channel showing the build-up of gas fronts and 
chimney structures a across a pockmark, b across the side of a pockmark and starting from 
the shoulder of the channel, c up to the middle of the Alvheim channel and starting from the 
shoulder. d SBP seismic line westwards of the shoulder across a flare showing few gas-
related anomalies, indicating that the gas mainly comes from the Alvheim channel (for 
locations of SBP lines, see a to d respectively in Fig. 2a). Also reported are the locations of 
carbonate crusts and gas flares 
19 
Fig. 7 a W–E 2D seismic line from the Viking Graben showing Base Quaternary, Top 
Oligocene and Top Palaeocene surfaces, as well as faults (dotted lines). b Neighbouring NW–
SE 2D seismic line (for locations, see a and b respectively in Fig. 1) 
Fig. 8 a Variance time slice at 240 ms TWT along the Viking Graben showing the subsurface 
structure of the Alvheim channel and nearby palaeo-channels. b Variance time slice at 340 ms 
TWT on the Utsira High showing many subsurface channels. White dotted lines MBB data, 
blue dots exploration wells 
Fig. 9 SBP seismic lines on the Utsira High a across a flare and pipe line, b across a flare 
showing subsurface gas accumulations and chimney structures (for locations, see a and b 
respectively in Fig. 4a) 
Fig. 10 a NW–SE 2D seismic line showing Base Quaternary, Top Oligocene and Top 
Palaeocene as well as faults (dotted lines) on the Utsira High. b Neighbouring N–S 2D 
seismic line (for locations, see c and d respectively in Fig. 1) 
Fig. 11 Regional maps of a Base Quaternary, b Top Oligocene and c Top Palaeocene derived 
from 2D seismic data. Black polygons Locations of detailed study areas with multibeam 
bathymetry data, red lines faults 
Fig. 12 a Carbon isotope of methane vs. hydrocarbon molecular composition (Bernard plot) 
for the Viking Graben based on the present and previous (Hovland et al. 1987) studies, Utsira 
High (Vielstädte et al. 2015) and Tommeliten areas (Hovland and Sommerville 1985), and. b 
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